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Abstract Using dielectric and mechanical relaxation data
of polymeric systems, an alternative formula is examined.
The formula describes the experimental data with a high
degree of accuracy, not received by the other model
functions (Arrhenius and non-Arrhenius type) under
investigation. The proposed formula gives the answer on
questions concerning a supermolecular structure and the
nature of the structural relaxation. New definition of the
glass-transition temperature is proposed. It is shown how
we should combine the results of different experimental
methods to conduct an unambiguous analysis of polymeric
systems.

Keywords Relaxation time - Polymeric systems -
Glass-transition temperature

Introduction

The relaxation spectra of polymers give information on the
molecular motion: local and/or cooperative. Various
experimental techniques have been established to get
knowledge on the molecular dynamics of polymers in the
liquid or solid states. The dynamic mechanical (DMTA)
and dielectric (DETA) thermal analyses have become a
widely used techniques for polymeric material character-
isation. The analysis is based on the determination of the
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temperature dependences of the Young’s modulus or
dielectric permittivity, respectively [1-3]. The obtained
spectra, in both cases, reveal the local and/or cooperative
motions which are characterised by their relaxation times.
There have been various attempts to explain the tempera-
ture dependence of the relaxation time, which often falls
with temperature in the thermally activated Arrhenius
relationship or the Vogel-Fulcher expression. An alterna-
tive approach has been Adam and Gibbs theory, where the
molecular dynamics is described in terms of changes in
some thermodynamic quantity: a configurational entropy,
or the Dolittle free volume approach. A more recent
alternative is to apply the dynamic scaling following a
power law [4-6].

In general, the following classification of the origin of
the relaxation processes in semicrystalline polymers is now
accepted [7]:

— motion of small local groups of atoms,

— motion of pendant groups or short side chains,

— motion of fragments (including several mers) of a main
chain or cooperative intermolecular motions occurring
in unconstrained amorphous regions,

— motion of fragments (including several mers) of a main
chain occurring in constrained amorphous regions,

— motion of bulky fragments of polymeric chains asso-
ciated with premelting.

The temperature dependences of the relaxation times,
above-mentioned processes, provide (more or less) a correct
fit to the experimental data. The Arrhenius relationship is
often invoked to characterised relaxation processes in
polymer; although, the activation enthalpy and attempt fre-
quencies are unphysically large in many cases. It is espe-
cially characteristic for the relaxation attributed to motions
of large fragments of polymeric chains (« relaxation). In this
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case, the Vogel-Fulcher or the power expression provides a
much improved fit.

The relaxation spectra of polymers reveal the local
motions and the cooperative motions in a wide temperature
ranges. There is no controversy in the literature concerning
the proper description of the former one, for which the
Arrhenius expression accurately represents the temperature
dependence of the relaxation time. However, the dynamics
of the cooperative motions, in particular for highly crys-
talline polymers without bulky side groups, is disputed.
Semicrystalline polymer is capable of being quenched to
various levels of crystallinity. Such a treatment causes that
the arrangement of chains in the amorphous regions differ,
and not only depend on a unit cell type of crystal phase but
also on a crystallites location in the polymeric material.
Moreover, the constraining effect of the crystallites on the
mobility of the chains in the amorphous regions, in some
cases, is so strong that the diversity of the amorphous phase
can be observed in experiments, e.g. as two separated glass
transitions (each of them is represented by the glass-tran-
sition temperature, T) or two « relaxations (each of them is
represented by the characteristic temperature dependence of
the relaxation time) [8—10]. The models of supermolecular
structures of those systems, i.e. formed by the crystalline
domains and two coexisted fractions of the amorphous
phase, were proposed for semicrystalline (polyolefines [11])
and liquid crystalline (derivatives of norbornene [12])
polymers. The amorphous phase was divided into the ‘real’
and the ‘ordered’ ones. The ‘real’ one did not exhibit any
influence of the constraining effect and the chains behaved
as chins in pure amorphous material. The relaxation time (as
a function of temperature) was well described by the Vo-
gel-Fulcher expression. The relaxation time of the process
occurred in the ‘ordered” amorphous regions was described
by the Arrhenius expression.

The shortcoming of many expressions (models) is that
many fitting parameters do not have a straightforward
physical meaning and cannot be determined by indepen-
dent methods [4-6, 13, 14]. Using the concept of double
glass transition [8-10], the relaxation processes are ana-
lysed for different polymeric systems. The aim of this
article is to show that the proposed approach is a gener-
alisation of many applied models, expressing the cooper-
ativity or locality of the motions. The new expression not
only fits better experimental data, but also gives informa-
tion about the mechanism of the relaxations as well as the
fitting parameters possess the physical meaning and they
can be determined by independent methods. The data
analysis is performed for the systems including the coex-
isted amorphous fractions of various arrangements and new
expression, exhibiting the origin of the molecular motions
in the o relaxations, is adapted to the temperature depen-
dence of the relaxation time found experimentally.
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The formulae descriptions

The relaxation times, deduced from experiments probing
the local and/or structural rearrangements in semicrystal-
line polymers, often fall with temperature in the thermally
activated dynamics and the Arrhenius (AR) relationship:

T = Tar eXp(Ear/RT) (1)

where Exg is the activation energy, t,% is an attempt
frequency and R is the gas constant, is used in a fitting
procedure of experimental data. Although the AR
relationship is often used to interpret data, obtained for
structural relaxations (o relaxations) of polymeric systems,
the fitting parameters, i.e. Epg and r;llz are ridiculously
large considering the energy require for polymer
decomposition and the highest possible frequency in the
material. The Vogel-Fulcher (VF) expression, the most
widely used empirical temperature law in the case of the
structural relaxation, provides a much better fitting of
experimental data. The corresponding expression for
relaxation time is:

© = tyrexp[B/(T — T,)] (2)

with tyg, B and T, as fitting parameters. In order to modify
Eq. 2, one may replace B by DT, and plot log(t) as a function
of the reciprocal temperature scaled by T, (T is taken as a
temperature at which the relaxation time equals 100 s). D is
a dimensionless parameter, which has been called the
strength parameter. This modification defined another
dimensionless parameter: the fragility, m = d(log(t))/
d(Ty/T), calculated at T = T, (T is defined as above) [15,
16]. The analysis of data on relaxation times for different
systems, performed with using the D parameter, provided
the basis for the material classification with two extremes:
the ‘strong’ and the ‘fragile’ glass formers. All parameters
used in this modification cannot be determined by inde-
pendent methods. Additionally, the temperature scaling by
T, taken arbitrary for T = 100 or 10 s, make this approach
incoherent and ambiguous for the data analysis [17, 18]. Itis
worth noticing that T, is a few tens of degrees below T, and
both the fitting parameters adopt more realistic values than
necessary for the AR expression.

It is important to recognise that despite the popularity of
the expressions mentioned above many other models have
emerged from theoretical study. An alternative approach is
the power law [4, 5]:

T =w[T/(T-T) 3)

where o = zv, v is the critical exponent of the correlation
length, z is the dynamic exponent, which treats the relax-
ation phenomenon in the same way as the critical phe-
nomenon that occurs in the vicinity of a true phase
transition at 7*.
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More complicated law was obtained based on the Adam
and Gibbs theory [19], in which the relevant thermody-
namic quantity (configurational entropy, S.) was used for
the expression of the temperature dependence of the
relaxation time [4.5]:

T = tag exp(C/TS,) (4)

where T, is the relaxation time at infinite temperature and
C is a constant of an energy dimension.

We can find in literature various attempts to explain the
temperature dependence of the molecular dynamics of
polymeric systems. The two parameters of Arrhenius law is
often a good approximation if relaxation times pointed out
in a narrow temperature range are considered. It provides
univocal results from statistical point of view, but the values
of the fitting parameters, i.e. Exg and T}, are unphysically
large in many cases. However, it was found that the relax-
ation time of structural relaxation occurred in the ‘ordered’
amorphous phase is accurately represented by the AR
relationship [20, 21]. There is a vast amount of literature on
the subject of glass transition, relaxation processes in
polymers, and various measurement methods have been
developed; however, there are some outstanding questions
which still remain to be answer. The basic questions are ‘Is
there or is there not a true (in the thermodynamic sense)
glass transition?’ and ‘Is there a single relaxation mecha-
nism which governs different relaxations in polymers?’.
Another question concerns the relationship between the
relaxation process and the glass transition. The mathemat-
ical formula of the relaxation time which provides a good fit
(in thermodynamic and statistic sense) to experimental data
in a wide temperature range is also very important, espe-
cially from the material engineering point of view.

Sample preparation and measurements

Results of various experimental methods are used for the
characterisation of polymeric material. The analysis is
usually based on thermal analysis of a small sample. Every
method requires a specific sample preparation to fulfil the
method restrictions (technical requirements). The prepara-
tions of the samples, investigated by different techniques,
very often influence their supermolecular structure [22].
Therefore, in extreme cases, we can investigate the same
polymer (the same chemical constitution) but various
samples (various supermolecular structures). Owing to the
fact that the glass transition and the o relaxation are related
to the supermolecular structure, we should apply the
samples which have not been influenced by different
treatments. Therefore, we should be careful to choose the
adequate methods for the complementary study of the
polymeric material [20, 21], especially, the semi- or liquid-

crystalline one. We may not to compare the measured
(estimated) parameters if they are obtained for the samples
of different thermal treatments. The most spectacular
example is a comparison of the 7, values obtained from the
calorimetric (DSC) or the dielectric (dynamic mechanical)
measurements. DETA (and in some cases DMTA) may
give drastically different spectra for the same polymer that
is reflected in different temperature dependences of the
relaxation times [9, 12, 20, 21]. Owing to the fact that the
T, values, published in literature for the DSC (the mid-
point) and DETA (r = 100 s) methods, are usually
obtained for the measurements performed with some
heating (cooling) rate or performed in the step isothermal
mode, respectively, we should only use the extrapolated to
zero heating rate DSC values for any system description.
Another question is whether or not we are able to measure
the absolute value of C, with high precision, using the
power compensated DSC, that would reveal the thermo-
dynamic state of the polymeric system correctly? More-
over, we ought to give some answer on a question whether
the change of configurational entropy (S.) at 7, estimated
by the following formula:

Ty

S, = / %dr (5)

T,

where 71 and Ty mean the temperatures at which the
transition begin and finish, respectively, is well estimated
taking into account the proposed calculation and mea-
surement procedures [19, 23, 24].

It is worth noticing that the problems related to the
volumetric measurements are also important [25-29].
Which volume influence the mobility of the polymeric
chains, the specific (V;) or free (Vi) one? The former one is
estimated from the dilatometric measurements (DIL), while
the latter one is evaluated from a positron annihilation
lifetime spectroscopy (PALS). The importance of the vol-
ume factor is a contentious issue. It is circumvented using
pressure, P, as an experimental variable, for a V; alterna-
tion maintaining temperature constant. A general relation-
ship [14],

7 =1y exp(C/TV") (6)

where 1y, C and y are fitting constants, is applied for all
glass formers. The parameter y (a material constant) is
postulated to provide a measure of the relative importance
of V; as opposed to temperature.

In this article, the origin of the o relaxation and glass
transition, as well as, the relationships between the physical
parameters, measured by the above-mentioned techniques,
are reconsider in the context of the usefulness of these
parameters for the description of the proposed temperature
dependence of the relaxation times.
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The proposed formula

The empirical formula combines the Arrhenius and Vogel—-
Fulcher relationships for the temperature dependence of the
relaxation time [20, 21, 26]:

_ (ﬂ l) (7)
TG T
where
AH, = n, - H; (8)
. = . ' 2
H = Hy - exp((7=)) ©)
ny =n - ! (10)

(1T

The physical meanings of the used parameters are the
following: 71;, the relaxation time at high temperature
(T— 00, in practice, it is the value in a liquid state, below
the polymer decomposition); 4H,, the enthalpy of the
process activation; AC,(T,), the specific heat change
occurred in the glass-transition temperature range; n,,
number of mers taking part in the process; H;, the enthalpy
of intermolecular interaction; AT* = T, — T; T, the
melting temperature, and T, temperature of the transition
involving the o relaxation; 7, temperature at which the
relaxation starts; T, temperature at which 50% of the mers
is activated for the cooperative motion. It should be
emphasised that the  parameter (reflecting the rate of the
mers activation) is strictly correlated with the free volume
parameter, 0*, which reveal the possible transition (glass
liquid, crystal liquid). In the most general case, the case of
the ‘semi-ordered” amorphous fraction (SAF), there are
five fitting parameters. A result of such a fitting would
seem to be useless from statistical point of view. However,
the parameters used in the formula posses physical mean-
ing and some of them can be measured (determined) by one
of the above-mentioned techniques (DIL, PALS, DSC,
DETA/DMTA). It causes that only three parameters are
fitted. In the case of the ‘ordered’ amorphous fraction
(OAF), there are two fitting parameters. It has been shown
previously for t—(7) of the o relaxation occurred in OAF
(it is named the o, relaxation) that the scaling applied for
various systems using the AC,(T,) values will give the
same activation enthalpies if the crystal (liquid crystal)
phase, coexisted with OAF in the studied system, is the
same type. The application of the AR relationship gave
quite different values of the activation enthalpies and it was
impossible to find any correlation between the supermo-
lecular structures of OAF and the parameters of the o
relaxation. Moreover, the values of the fitting parameter,
EAr, were unphysically large in some cases. Although
OAF was studied mainly, some preliminary results
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concerning the ‘real’ amorphous fraction (RAF) were also
presented [20, 21].

Data analysis

In this article, we consider the usefulness of new formula
for the structural relaxation (it is named o, relaxation)
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Fig. 1 Activation plot for the relaxation data of liquid crystalline
polynorbornene derivative (mechanical and dielectric data taken from
literature [13, 16]) including the fits compiled in Table 1: a sample A
(relaxation of the side chain—smectic structure); b sample B
(relaxation of the main chain—smectic structure); ¢ sample C
(relaxation of the main chain—amorphous structure)
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occurs only in SAF, focusing on how we should describe
the temperature dependence of the relaxation time taking
into account the influence of physical processes on the
molecular mobility. In polymers, the applicability of the
AR relationship is questionable for the «, relaxation. It is
well know that the temperature dependence of Young’s
modulus (dielectric permittivity in DETA) and conse-
quently the relaxation time are not accurately represented
by this relationship. The Fogel-Vulcher (Eq. 2) and power
(Eq. 3) expressions provide a much improved fit to
experimental data. Figure la—c shows plots of 10g(Tax)
versus temperature and the curves obtained from the fitting
of both the expressions, mentioned above. The figures
include also a fit of the new formula. It should be
emphasised that each curve seems to give a satisfactory
representation of experimental data (DETA and DMTA)
and the fitting errors (no weighting ) are rather low.
However, the lowest one was obtained in the case of Eq. 7
for each studied example. In order to present the attractions
of new expression, three characteristic examples were
chosen among the large set of our experimental data for
polynorbornene derivative. This complicated system
emphasise the advantage of new formula particularly
strong. Especially, one can easily find it in Fig. 1c. The VF
and P functions slightly depart from the thermal course of ©
in the narrow ranges for this case. Moreover, the fitting
process generates physically useless parameters (sample C
in Table 1). Table 1 presents only three of seven parame-
ters needed for the fitting of the new formula to experi-
mental data. The left parameters, i.e. Ty, T, Ty, mH/AC,,
were either fixed (Tiy; 7. = Ty; T}; they were taken from the
DSC measurements or they were pointed out from the
experimental DMTA or DETA data, respectively) or free
(mHyYAC,) in the fitting process. In some cases the T; value
was a free parameter; however then, the log(t)) value had
been known from other examples yet. Such a treatment was
a result of the assumption that the relaxation time of the o,
relaxation for the polymeric systems built by the same
polymeric chains, although they can form various

Table 1 Fitting parameters for the curves shown in Fig. la—c

supermolecular structures in the solid state, should be the
same for all polymeric systems in a liquid state, for 7— co.
It means that in the most general case only four parameters
were assumed to be free in the fitting procedure.

In order to find the T; values, one should plot the data in
a [dlog(r)/d(l/T)]_”2 versus 1/T representation [5]. The
basic idea of such an analysis is to linearise Vogel-Fulcher
function and to emphasise deviation between experimental
data and the function. Figure 2a—c depicts the data of
Fig. la—c, respectively, in such a representation, also
including the representation of the new function. The
inconsistency of the experimental data with the V-F
function is seen clearly in Fig. 2b, c. Several V-F functions
(each with three free parameters) should be used in the
adequate narrow temperature ranges for better fitting in
both the cases; however, it increases the number of the
fitting parameters. The V-F fits in the linear representation
was achieved by a standard linear regression procedure,
and the intersection of the adequate straight lines (dotted
lines in Fig. 2b, c¢) marks the range of the functions
applicability (7). Each of the T, value was used in the
fitting process of the new function; however, only one 7;
value gave the lowest y° It is suggested we should con-
sidered this 7, value as the most appropriate one for the
system description from the dynamics point of view.
Table 1 presents in the last column the 7; value used in the
fitting. The values obtained from the data linearisation are
presented in the figures. One can find that T7; = 7, in the
case of the sample A. It would means that the relaxation is
completely influenced by the glass transition of the system,
being in the pure amorphous state. This conclusion might
be deduced from the value of the f§ parameters (f = 2) [21,
26]. The phase state of the system was additionally con-
firmed by X-ray study [12, 30]. The B and C cases required
T, = 3259 K and T, = 322.2 K, respectively. Both the
temperatures are the limit temperatures of the activation of
the side chains. These are the temperatures (it can be cal-
culated from Eq. 10) at which the side chains are com-
pletely activated in the adequate polymeric systems. One

Sample Equation 7 x 1073 Log (1,/s) T,/K D, o, f T,/K T/K
A VF 1.78 —10.6 £ 0.1 2623 + 0.6 1.26 + 0.04 296.2 296.2
P 3.36 —146 £ 0.2 280.7 + 0.4 107 £0.2
NF 1.62 —89+0.1 1263 + 1.1 2
B VF 15.87 —9.1+02 263.7 + 1.7 335+ 021 3123 325.9
P 6.76 —10.9 + 0.1 292.1 £ 0.5 8.12 £ 0.16
NF 2.59 —115£05 236.9 + 1.3 149 + 0.9
C VF 20.55 —2945 —0.4 + 66.2 ?2 310.0 3222
P 20.57 —2845 17 + 118 1.1 x 10*
NF 6.94 —115 234.6 + 0.3 23.0 +23
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Fig. 2 Data as in Fig. la—c in linear representation. The V-F
functions are transformed to linear functions (dotted lines): a sample
A; b sample B; ¢ sample C, respectively

can conclude that the motion of the large fragments of
main chain is possible not before the activation of the
whole side chain.

Conclusions
Arrhenius equation has the attraction of having the smallest

number of parameters. Vogel-Fulcher equation has been
obtained in numerous theoretical treatments of the glass
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transition. An attraction of the power law is that the fitting
generates the parameter (7%) which might be identified
with the T, value. Owing to these facts, the authors believe
that new formula presented here should find general
application for detailed comparison of various systems of
the same polymer processed in different ways. The new
formula should be useful especially to distinguish subtle
changes being the result of the inclusion of the secondary
phases. The analysis of the chosen samples, representing
different polymeric systems, showed that the formula is
useful not only for the study of the ‘ordered’ amorphous
phase that was presented in a previous article, but also for
the study of the ‘semi-ordered’ or ‘real’ amorphous phases
using the new formula which gives answer on the basic
questions concerning the nature of the glass transition and
the o relaxations (o, o).
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